Earthquake prediction thus far has proven to be a very difficult task, but changes in situ stress appear to offer a viable approach for forecasting large earthquakes in Tibet and perhaps other continental regions. High stress anomalies formed along active faults before large earthquakes and disappeared soon after the earthquakes occurred in the Tibetan Plateau. Principle stress increased up to ~2 -5 times higher than background stress to form high stress anomalies along causative faults before the Ms 8. 
INTRODUCTION
Large continental earthquakes are a major geologic hazard and commonly result in great disasters as recently occurred in China. The 2008 Ms 8.0 Wenchuan earthquake destroyed towns and villages along and near the seismic faults, and killed 69,227 people with 17,923 still missing [1] . The 2010 Ms 7.1 Yushu earthquake killed 2192 people with an additional 78 missing, and the 2008 Ms 6.6 Nimu earthquake resulted in significant economic loss. The Ms 7.0 Lushan earthquake occurred on April 20, 2013 killed 196 people with 21 still missing in southwestern Longmenshan Mts. Another event, the 2001 Ms 8.1 West Kunlun Pass earthquake, might have caused further devastation, but for it stroke a sparsely populated region. The Chinese government has encouraged scientists to develop effective ways for tracing and predicting large earthquakes, aiming at decreasing seismic hazards. However, earthquake prediction has thus far proven a difficult task for the world's scientists even though seismic monitoring systems are established in many countries. Here we use stress to investigate these four large earthquakes in the Tibetan Plateau in hopes of finding a viable precursor for future earthquake prediction.
Ever since Reid [2] formulated the elastic rebound theory following the 1903 San Francisco earthquake, researchers have considered the relation of stress change and earthquakes. Li and his colleagues advocated the prediction of earthquakes by in-situ stress measurement in the 1960s [3, 4] and considerable work has been accomplished ever since on measuring stress and delineating stress regions in China [5] [6] [7] . The lithosphere stress state now has been widely probed by in-situ stress measurements [8, 9] , but care must be used in relating these to earthquakes, because the measured stress may reflect the stress unrelated to the present tectonic movement [6, 10] . Furthermore, although the delineation of general levels of stress can relate to general levels of seismic activity [11] this does not relate to activity along specific fault zones. Neither did estimates of deep stress arrive from epicentral distribution and focal plane solutions [12] .
Direct measured changes in the stress fields, however, reflect the present day movement in the crust [4, 11] and where these changes are adjacent to active faults they may relate to the seismic activity along the fault. Even small changes in stress, such as due to reservoir filling, are enough to trigger earthquakes sometimes [3] . Investigations into the crustal stress present and possible changes have been underway for the past decade for both engineering purposes and earthquake studies in the Tibetan Plateau now have revealed several changes in measured stress.
Intensive seismicity in the Tibetan Plateau is caused by the continued northward subduction of Indian Continental Plate that has created a variety of seismically active faults [13] [14] [15] , which have produced large earthquakes over the past ten years in western China ( Figure  1) [18, 19] and triggered thousands of largescale landslides, huge rock falls and debris flows in the Longmenshan Mountains [1] , at the eastern margin of the Tibetan Plateau. Co-seismic offsets of 4.6 m dip-slip and 6.1 m dextral-slip were measured in Yingxiu and Beichuan, respectively [1, 20] . The Ms 7.1 Yushu earthquake, which occurred on April 14, 2010, formed a seismic fracture zone with a length up to 23 km along the Garze-Yushu fault and co-seismic sinistral slips of 1.2 -1.8 m happened near the epicenter northwest of Yushu. And the Ms 7.0 Lushan earthquake, which occurred on April 20, 2013, formed seismic hazards, landslides and rock falls without seismic rupture zone along the eastern marginal thrust in southwestern Longmenshan Mountains. These large earthquakes, together with the Ms 7.9 Mani earthquake that occurred on November 8, 1997, constitute the most recent activity on the faults bounding the Hohxil-Bayanhar-Garze structural block of the northern Tibetan Plateau (Figure 1) . Earthquakes that occurred in the central Tibetan Plateau, such as the Ms 5.6 Dongco earthquake on March 7, 2004 and the Ms 6.6 Nimu earthquake on October 6, 2008, resulted from activity along the boundary normal faults of the YadongYangbajain-Gulu graben system.
STRESS CHANGES BEFORE AND AFTER LARGE EARTHQUAKES
Stress measurements by both the hydraulic fracturing and piezomagnetic methods have been taken in boreholes about the Tibetan Plateau since 2001 to provide data to characterize the stress field in which the large earthquakes occur and for engineering work. The great majority of the sites are in granite and gabbro. Hydraulic fracturing stress measurements were made in Xidatan granite (XTG), Wudaoliang limestone (WL), Ando gabbro (AG), Northeastern Yangbajain granite (NYG), Northwestern Quxi granite (NQG), Eastern Quxi granite (EQG) [21] along Golmud-Lhasa Railway across the Tibetan Plateau ( Table 1) . Hydraulic fracturing stress measurements in the Yaoji granite (YJG) [22] , Yingxiu granite, Kangding granite (KDG) [19] , Maoxian (MX) and Guanyuan (GY) [23] were conducted before and after the Ms 8.0 Wenchuan earthquake in central Longmenshan Mountains at the eastern margin of the Tibetan Plateau (Figure 1) .
Piezomagnetic stress measurements were undertaken in the Xidatan granite (XG-1) and Xidatan gabbro (XG-2) [24] , Hohxil granite (HG), Fenghuoshan siltstone (FS), Yanshiping sandstone (YSP), South Ando granite (SAG) [7] , Southeastern Yangbajain granite (SYG), Lhasa granite (LG) and Kangma granite (KG) [25] (Figure 1) . These contributed valuable data ( Table 2) for construction of the Golmud-Lhasa railway and revealed an obvious stress change before and after the Ms 8.1 West Kunlun Pass earthquake [24] . And Piezomagnetic stress measurement in the Baoxing Granite (BXG) and Hydraulic fracturing stress measurement in the Luding (LD) were conducted before the Ms 7.0 Lushan earthquake in the southwestern Longmenshan Mountains.
Stress is measured at different depths in order to formulate the stress increase due to the additional rock mass with depth. Stress was measured by hydraulic fracturing on December 6, 2005 in a 301 m deep borehole in the Northeastern Yangbajain granite (NYG), east of Yangbajain graben. The maximum principle stress (S H ) and minimal principle stress (S h ) at NYG increase from 4.62 MPa and 3.82 MPa, respectively, at a depth 60 m to 11.34 MPa, and 10.20 MPa at 286 m (MPa = 145.0377 psi) ( Table 1) . The stress change with depth is found to be S H = 2.56 + 0.0340 D and S h = 1.34 + 0.0325 D with D referring to depth in meters. The NYG is located in central Lhasa block, ~9 km away from the active fault along the western boundary of the Yangbajain graben, and seismicity surrounding NYG is very weak (Figure 1 ).
The stress recorded in NYG is therefore taken as representative for relatively stable areas in the Tibetan Plateau and is used as the background stress in analyzing stress anomalies (Figures 2 and 3) .
Several other sites, AG, WL, LG and GY, also are located in relative stable areas away from seismic faults and seismic zones (Figure 1) , and are characterized by relatively lower principle stress similar to NYG (Figures  2 and 3) . Measurements along the Golmud-Lhasa railway found S H and S h in AG changed from 4.50 MPa and 3.82 MPa, respectively, at a depth of 50 m to 5.56 MPa and 5.00 MPa, respectively, at 135 m; the S H and S h in WL changed from 3.33 MPa and 2.30 MPa, respectively, at a depth of 28 m to 7.78 MPa and 5.10 MPa at 116 m; and the S H and S h in LG was 4.6 MPa and 2.6 MPa, respectively, at a depth of 18 m (Figures 2 and 3) . At the northwest margin of the South China Block, S H increased from 6 MPa at 100 m depth to 20 MPa at 347 m and S h increased from 5 MPa at a depth of 100 m to 10 MPa at 347 m in Guanyuan (GY), northeast of Chengdu (Figures 2 and 3) .
In contrast, the maximum principle stress S H found along the active faults is abnormally high; always 2 -5 times higher than in NYG; and the minimal principle stress S h along the fault zones also increased before large earthquakes in the northern, eastern and central Tibetan Plateau. These formed high stress zones in S H -D ( Figure  2 ) and S h -D diagrams (Figure 3) .
West Kunlun Pass Earthquake (WK)
The principle stress S H and S h increased to 12.9 MPa and 12.1 MPa, respectively, at XG-1 at a depth of 18 m and 6.8 MPa and 4.4 MPa at XG-2 at a depth of 14 m in August 2001 ( (Figures 2  and 3 ).
Wenchuan Earthquake (WC)
The Ms 8.0 Wenchuan earthquake on May 12, 2008 resulted from an eastward thrust of the Songpan-Garze terrain over the South China Block [18, 20] . The maximum principle stress (S H ) in the eastward thrust sheet was measured at 14.44-25.53 MPa from depths of 180.3 m to 280.5 m at YJG in 1999, ~9 years before the earthquake. This was in contrast with general values of 7.8 (Table 1) . However, the stress had remained low with S H , 6 -7.5 MPa, and S h , 5.0 -7.0 MPa in GY at depths of 100-200 m in the stable South China Block [23] , ~4 years before the Wenchuan earthquake.
Dongco Earthquake (DC)
The Ms 5.6 Dongco earthquake, which was due to normal fault offset in the Yadong-Yangbajain-Gulu graben system, was preceded by a high stress anomaly in the South Ando granite (SAG) (Figures 2 and 3) . Principle stress S H and S h reached 8.1 MPa and 4.8 MPa, respectively, in SAG at a depth of 14 m in July 2003; this is more than 2 times higher than background stress (Figures 2 and 3) , and ~8 months later the Dongco earthquake occurred southwest of SAG in the Ando-Dongco graben on March 7, 2004 (Figure 1). 
Nimu Earthquake (NM)
A high stress anomaly also was found adjacent to the Yadong-Yangbajain graben system before the Ms 6.6 Nimu earthquake occurred on October 6, 2008. Principle stress S H and S h was as high as 5. (Figures 2 and 3) , one year before the Nimu earthquake. Stress in NQG at a depth of 31 -35 m increased quickly ~8 months before the earthquake; S 1 , oriented N40˚W, changed from 7.855 MPa to 7.958 MPa; S 2, oriented S80˚W changed from 9.627 MPa to 9.751 MPa; and S 3, oriented N20˚E, changed from 7.312 MPa to 7.426 MPa. Thus S 1 , S 2 and S 3 increased 0.103 MPa, 0.124 MPa and 0.114 MPa, respectively, in 45 days from January 13 to February 26, 2008 (Figure 4) . However, the principle stress in relatively stable areas away from Yadong-Yangbajain graben system remained lower (Figure 2 
Yushu Earthquake (YS)
The Ms 7.1 Yushu earthquake followed high stress in the Hohxil granite (HG) and Fenghuoshan siltstone (FS). Principle stress S H and S h were 6.8 MPa and 3.2 MPa, respectively, in HG at a depth of 20 m in May 2002; 4.6 -5.5 MPa and 2.8 -2.9 MPa, respectively, in FS at depths of 12 -16 m in August 2002; being 1.8 -2.7 times higher than background stress ( Figure 5) . The high stress in HG and FS formed along the Wudaoliang and Fenghuoshan sinistral-slip faults, which are en echelon or branch faults of Garze-Yushu fault which broke during the earthquake. The Yushu earthquake occurred on April 14, 2010 along southern boundary faults of Hohxil-Bayanhar-Garze block (Figure 1). 
Lushan Earthquake (LS)
The Ms 7.0 Lushan earthquake occurred along the Eastern Marginal Thrust, southwestern Longmenshan Mts. on April 20, 2013, ~5 years after the Ms 8.0 Wenchuan earthquake along the Beichuan-Yingxiu fault, central Longmenshan Mts. High stress anomalies were found in the Luding (LD) (Figures 2 and 3) and Baoxing (Figures 2 and 3) Table 2) . If the maximum stress S H continues to increase as much as 0.5 -1.0 MPa in the related areas, then the YSP and KMG will be plotted in the high stress anomaly in S H -S h diagram ( Figure 5 ). This high stress anomaly could be connected with some Ms 6.0 -7.0 earthquake in the near future.
Significantly different types of fault zones show the stress increase even though they might be compressional or extensional structures. The West Kunlun Pass and Yushu earthquakes were due to strike-slip offset, the Wenchuan earthquake was due to oblique-slip thrust offset, the Lushan earthquake was due to thrust offset and the Nimu and Dongco earthquakes were due to normal fault offset. Thus, the fault type makes no obvious difference in the development of stress anomalies prior to an earthquake. Stress variations relative to rock mechanic changes [26] and tectonic divisions [6], local stress from non-tectonic processes as permafrost freezing [27] and ancient residual stress [10] might cause local stress anomalies, but these factors rarely lead to regional stress anomalies along active faults and result in regular stress changes before and after large earthquakes.
Apparently deep barriers acting as friction decrease slip rates or even stop slip along active faults and increase stress along the blocked segments of active faults, leading to high stress anomalies before large earthquakes (Figures 2, 3 and 5) . This is a reflection of the strain build up near faults as proposed by Reid [2] , but the resulting stress seems more restricted and the buildup is more rapid than what might be expected. These characteristics aid in using high stress anomalies in the upper crust surface as viable precursors for prediction of large earthquakes within continents, such as the Tibetan Plateau.
Other indices as Coulomb failure stress on faults [28, 29] , tectonic stress and stress variations inferred from numerical modeling [12, [30] [31] [32] , and hydrochemistry anomalies [33] also have been suggested in forecasting earthquakes, but none are as sensitive to earthquakes as the in-situ measured stress in the Tibetan Plateau. The GPS measurements indicated low slip rates of active faults and low velocity of terrains in the Longmenshan Mountains [15] , where the Wenchuan earthquake occurred, and no high velocity or strain anomalies were discovered by GPS measurements before the Ms 8.0 Wenchuan earthquake, the Ms 8.1 West Kunlun Pass earthquake, the Ms 6.6 Nimu earthquake, the Ms 7.1 Yushu earthquake and the Ms 7.0 Lushan earthquake in the Tibetan Plateau, implying that GPS measurements are not nearly as effective as in-situ stress measurements for earthquake prediction. Using stress to monitor earthquakes appears a practical approach for forecasting large continental earthquakes.
